The mimABCD gene cluster encodes the binuclear iron monooxygenase that oxidizes propane and phenol in Mycobacterium smegmatis strain MC2 155 and Mycobacterium goodii strain 12523. Interestingly, expression of the mimABCD gene cluster is induced by acetone. In this study, we investigated the regulator gene responsible for this acetone-responsive expression. In the genome sequence of M. smegmatis strain MC2 155, the mimABCD gene cluster is preceded by a gene designated mimR, which is divergently transcribed. Sequence analysis revealed that MimR exhibits amino acid similarity with the NtrC family of transcriptional activators, including AcxR and AcoR, which are involved in acetone and acetoin metabolism, respectively. Unexpectedly, many homologs of the mimR gene were also found in the sequenced genomes of actinomycetes. A plasmid carrying a transcriptional fusion of the intergenic region between the mimR and mimA genes with a promoterless green fluorescent protein (GFP) gene was constructed and introduced into M. smegmatis strain MC2 155. Using a GFP reporter system, we confirmed by deletion and complementation analyses that the mimR gene product is the positive regulator of the mimABCD gene cluster expression that is responsive to acetone. M. goodii strain 12523 also utilized the same regulatory system as M. smegmatis strain MC2 155. Although transcriptional activators of the NtrC family generally control transcription using the 54 factor, a gene encoding the 54 factor was absent from the genome sequence of M. smegmatis strain MC2 155. These results suggest the presence of a novel regulatory system in actinomycetes, including mycobacteria.
Mycobacterium smegmatis strain MC2 155 and Mycobacterium goodii strain 12523 are able to grow on propane and acetone as sources of carbon and energy (10) . We previously identified the gene cluster designated mimABCD that plays essential roles in propane and acetone metabolism in these mycobacteria and that belongs to the binuclear iron monooxygenase family (10, 18) . Deletion and complementation analyses of the mimA gene suggested that the mimABCD gene cluster was involved in the oxidation of propane and acetone (10) . This gene cluster is also responsible for the regioselective oxidation of phenol to hydroquinone (10, 26, 27) . Interestingly, expression of the mimABCD gene cluster is induced by acetone (10) .
Gene expression is controlled by specific regulators that interact with 70 -or 54 -dependent RNA polymerases. A major form of RNA polymerase that utilizes the 70 factor recognizes a Ϫ35, Ϫ10 promoter. Transcription from this type of promoter is controlled by regulators that bind to DNA adjacent to the promoter. In contrast to the 70 -dependent RNA polymerases, a minor form of RNA polymerase that utilizes the 54 factor recognizes a Ϫ24, Ϫ12 promoter (6, 11) . This type of RNA polymerase requires the NtrC family of transcriptional activators to convert the closed RNA polymerase-54 factor complex to a transcriptionally active open complex. These activators are known to bind to an upstream binding sequence (UAS) that is further than 100 bp away from the promoter. The activator on the UAS subsequently interacts with the RNA polymerase-54 factor complex on the promoter via DNA looping. Interestingly, some 70 -dependent RNA polymerases have been also shown to utilize NtrC-like regulators to control transcription (5, 9, 23) . It is conceivable that individual microorganisms have evolved their own sophisticated regulatory systems to adapt to variable habitats.
In this study, we identified a gene designated mimR that lies immediately upstream of the mimABCD gene cluster and is divergently transcribed. We confirmed by deletion and complementation analyses that the mimR gene product is the positive regulator of the mimABCD gene cluster expression that is responsive to acetone and related compounds. Sequence analysis revealed that MimR belongs to the NtrC family of transcriptional activators. The NtrC family of transcriptional activators contains many members, which regulate the expression of genes that are involved in a variety of physiological processes (32, 36) . For example, NtrC and NifA are involved in nitrogen metabolism (17, 19) , and DmpR and XylR are involved in degradation of aromatic compounds (1, 29) . Although members of the NtrC family have been found mainly in Gram-negative bacteria and Gram-positive Bacillus subtilis, no members of this family have been reported in actinomycetes (31, 32) . Sequence and function analyses of MimR in the actinomycetous Mycobacterium strains reported here suggested that this novel transcriptional activator controls a regulatory system that differs in some respects from the general NtrC system previously reported. Furthermore, analysis of published bacterial genome sequences revealed that MimR-like regulatory systems are widespread in actinomycetes.
MATERIALS AND METHODS
Bacterial strains, plasmids, and cultivation media. The bacterial strains and plasmids that were used or constructed in this study are listed in Table 1 . The bacteria were grown in Luria-Bertani (LB) medium, which contained (per liter) Bacto tryptone (10 g), Bacto yeast extract (5 g), and NaCl (10 g), pH 7.0.
Construction of transcriptional fusion plasmids. A plasmid carrying a transcriptional fusion of the intergenic region between the mimR and mimA genes with a promoterless green fluorescent protein (GFP) gene was constructed to assess transcriptional activity using a GFP reporter system (7, 14) . Two oligonucleotide primers, gfp-F and gfp-R (Table 2) , were designed to amplify the gfp gene and its ribosome binding site. The region between the two oligonucleotide primers was amplified from the pQBI63 plasmid (Table 1) using PCR. These amplified DNA fragments were digested with XbaI and EcoRI and were inserted into the pRHK1 vector (13) ( Table 1) to construct pRHKgfp. Two other oligonucleotide primers, int-F and int-R (Table 2; see also Fig. 2), were designed to amplify the intergenic region between the mimR (Msmeg_1970) and mimA (Msmeg_1971) genes, based on the terminal sequences of the mimR and mimA genes in the genome sequence of M. smegmatis strain MC2 155 (GenBank accession number NC_008596). The region between the two oligonucleotide primers was amplified from the genomic DNAs of M. smegmatis strain MC2 155 and M. goodii strain 12523 using PCR. These amplified DNA fragments were digested with SalI and XbaI and were subsequently inserted into the pRHKgfp vector. The resulting plasmids, pRHKintSM-gfp for M. smegmatis strain MC2 155 and pRHKintGO-gfp for M. goodii strain 12523, were amplified in Escherichia coli JM109 cells.
The region including the mimR gene and the intergenic nucleotide sequence between the mimR and mimA genes was also cloned for complementation analysis of the mimR gene. Another oligonucleotide primer, mimR-F (Table 2) , was designed based on the 3Ј-terminal sequence of the mimR gene in the genome sequence of M. smegmatis strain MC2 155. The region between the two oligonucleotide primers, mimR-F and int-R, was amplified from the genomic DNAs of M. smegmatis strain MC2 155 and M. goodii strain 12523 using PCR. These amplified DNA fragments were digested with NsiI and XbaI and were subsequently inserted into the pRHKgfp vector that was digested with PstI and XbaI. The resulting plasmids, pRHKmimR sm intSM-gfp for M. smegmatis strain MC2 155 and pRHKmimR go intGO-gfp for M. goodii strain 12523, were amplified in E. coli JM109 cells.
These constructed plasmids were sequenced using an ABI Prism 3130xl genetic analyzer (Applied Biosystems, Foster City, CA) and were introduced into cells of M. smegmatis strain MC2 155 or of the MC2 155 ⌬mimR deletion mutant (see below) by electroporation.
Deletion of the mimR gene in M. smegmatis strain MC2 155. The mimR gene in M. smegmatis strain MC2 155 was deleted in frame using the pK18mobsacB vector (25) ( Table 1) . Two oligonucleotide primers, mimR5Ј-F and mimR5Ј-R (Table 2) , were designed to amplify the 5Ј-terminal region of the mimR gene based on the genome sequence of M. smegmatis strain MC2 155. The region between the two oligonucleotide primers was amplified from the genomic DNA of M. smegmatis strain MC2 155 using PCR. These amplified DNA fragments were digested with HindIII and XbaI and were inserted into the pK18mobsacB vector. Two other oligonucleotide primers, mimR3Ј-F and mimR3Ј-R ( were designed to amplify the 3Ј-terminal region of the mimR gene. These amplified DNA fragments were digested with XbaI and SmaI and were subsequently inserted into the pK18mobsacB vector containing the 5Ј-terminal region of the mimR gene. The resulting plasmid, pK⌬mimR, contained a deleted mimR gene encoding a 43-amino-acid protein instead of a full-length mimR gene encoding a 583-amino-acid protein.
A two-step recombination was performed to delete the mimR gene from the chromosome of M. smegmatis strain MC2 155 as described previously (10, 20, 28, 34) . The pK⌬mimR plasmid was introduced into M. smegmatis strain MC2 155 cells by electroporation. Single crossover mutants, into which the plasmid was integrated, were selected on an LB plate containing kanamycin (50 g/ml). Kanamycin-resistant strains were then subjected to repeated cultivation in LB medium without kanamycin. Finally, double crossover mutants, which had lost the vector backbone and were sensitive to kanamycin, were selected on LB plates with or without kanamycin. Deletion of the mimA gene was confirmed by PCR using the two oligonucleotide primers, mimR5Ј-F and mimR3Ј-R ( Table 2 ). This procedure resulted in the M. smegmatis MC2 155 ⌬mimR deletion mutant ( Table 1) .
Assays of transcriptional activity using a GFP reporter system. The recombinant mycobacterial strains carrying the transcriptional fusion plasmids that include the gfp reporter gene were cultivated for 3 days in LB medium (2 ml) containing Tween 80 (0.05%, vol/vol) and kanamycin (50 g/ml) in glass vials (14 ml) at 37°C with reciprocal shaking at a speed of 180 strokes per min. After centrifugation at 10,000 ϫ g for 10 min at 4°C, the cells were suspended in KG medium (10 ml) (10) containing Tween 80 (0.05%, vol/vol) and kanamycin (50 g/ml). One millimolar of acetone (with a purity exceeding 99.7%), 2-propanol (99.7%), 1-propanal (90%), 1-propanol (99.5%), acetol (hydroxyacetone; 90%), 2-butanone (methylethylketone; 99%), 2-butanol (99%), acetoin (3-hydroxy-2-butanone; 95%), ethanol (99.5%), phenol (99%), or hydroquinone (99%) was added to the cell suspension (2 ml) in glass vials (14 ml) sealed with screw caps to examine effector specificity. These chemicals were purchased from Wako Pure Chemicals (Osaka, Japan). When propane (99.5%; GL Sciences, Tokyo, Japan) was used as a potential effector, this compound was added to the headspace at a concentration of 20% (vol/vol). After incubation for 24 h at 30°C with reciprocal shaking at a speed of 180 strokes per minute, the cells were harvested by centrifugation and were suspended in distilled water at an optical density at 660 nm (OD 660 ) of 0.1. The level of GFP expression was measured using a spectrofluorometer (Chameleon; Hidex, Turku, Finland). Excitation and emission wavelengths were 485 nm and 535 nm, respectively. The relative fluorescence unit (RFU) was defined as the culture fluorescence relative to the culture biomass at OD 660 .
Sequence analysis. Sequence similarity was analyzed using the BLAST program (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Multiple sequences were aligned using Genetyx-win version 5.0.2 (Genetyx Corporation, Tokyo, Japan). Promoter sequence was examined by manual inspection or by using the BDGP Neutral Network Promoter Prediction program (http://www.fruitfly .org/seq_tools/promoter.html).
Nucleotide sequence accession number. The nucleotide sequence of the mimR gene of M. goodii strain 12523 has been submitted to GenBank, and the assigned accession number is AB627360.
RESULTS
Cloning and sequence analysis of the regulatory region of the mimABCD gene cluster. Our analysis of the genome sequence of M. smegmatis strain MC2 155 indicated that the mimABCD gene cluster is preceded by the open reading frame (ORF) Msmeg_1970 (accession number YP_886335), which is divergently transcribed. We designated this gene mimR and cloned the region that included the mimR gene and the intergenic nucleotide sequence between the mimR and mimA genes from M. smegmatis strain MC2 155 as well as its homologous region from M. goodii strain 12523. Two oligonucleotide primers were designed based on the terminal sequences of the mimR and mimA genes in the genome sequence of M. smegmatis strain MC2 155. The region between the two oligonucleotide primers was amplified from the genomic DNAs of M. smegmatis strain MC2 155 and M. goodii strain 12523 using PCR and was cloned into the pRHKgfp vector. Sequence analysis revealed that the nucleotide sequence of this region from M. smegmatis strain MC2 155 corresponded with that determined by the genome sequencing project (GenBank accession no. NC_008596). The homologous region from M. goodii strain 12523 was also successfully cloned. For convenience, we named the gene from M. smegmatis strain MC2 155 mimR sm and that from M. goodii strain 12523 mimR go . The mimR sm and mimR go genes each encode 583-amino-acid proteins. The MimR go protein shares 92% amino acid identity with MimR sm based on a BLAST search.
The MimR sm and MimR go proteins exhibit appreciable amino acid similarities with the NtrC family of transcriptional activators. For example, MimR sm shares 26% amino acid identity with AcxR, which regulates expression of the acetone carboxylase gene in Xanthobacter autotrophicus strain Py2 (30) (Fig. 1) . In addition, MimR sm shares 21% amino acid identity with AcoR, which regulates expression of the acetoin dehydrogenase gene in B. subtilis strain 168 (2) (Fig. 1) . Unexpectedly, many homologs of the mimR gene were found in the sequenced genomes of actinomycetes, including Rhodococcus, Gordonia, and Streptomyces strains in addition to Mycobacterium strains. For example, MimR sm shares 49, 48, and 34% amino acid identities with the RHA1_ro00452 ORF of Rhodococcus jostii strain RHA1, Gbro_3559 ORF of Gordonia bronchialis strain DSM 43247, and SAV_1392 ORF of Streptomyces avermitilis strain MA-4680, respectively (Fig. 1) . The genome sequence of M. smegmatis strain MC2 155 contains one additional MimR-like sequence (Msmeg_3008) that shares 29% amino acid identity with MimR sm , whereas that of R. jostii strain RHA1 contains, in addition to RHA1_ro00452, seven homologs that share more than 30% amino acid identity with MimR sm (data not shown). These results indicate that NtrC-or MimR-like sequences are widespread in actinomycetes.
Transcriptional activators of the NtrC family each consist of three functional domains: an amino-terminal domain that recognizes a specific effector, a carboxy-terminal domain that recognizes the UAS, and a central domain that is responsible for ATP hydrolysis and transcriptional activation (21, 36) . The amino-terminal domains of MimR sm and MimR go contain a GAF domain, which also exists in AcxR and AcoR (Fig. 1 ). This GAF domain was named after the domain that is detected in cGMP-specific and -stimulated phosphodiesterases, Anabaena adenylate cyclases, and Escherichia coli FhlA (3). This FhlA protein belongs to the NtrC family of transcriptional activators (15) . The carboxyterminal domains of MimR sm and MimR go contain a helixturn-helix motif sequence (21) (Fig. 1) , which probably enables these transcriptional activators to bind to specific UASs. Furthermore, a Walker A motif sequence is conserved in the central domain of MimR sm and MimR go , whereas Walker B and GAFTGA motif sequences were not detected in these proteins (Fig. 1) . Walker A and Walker B motif sequences are known to participate in ATP hydrolysis, which produces energy for conversion of the closed RNA polymerase-54 factor complex to a transcriptionally active open complex (11, 36) . A GAFTGA motif sequence is known to participate in interaction with the 54 factor (11, 36) . Some members of the NtrC family were reported to lack these motif sequences (5, 9, 23). The homologs of the mimR gene that were found in the actinomycetes also lack the Walker B and GAFTGA motif sequences (Fig. 1) . Furthermore, the sequence that is conserved The intergenic distance between the mimR sm and mimA sm genes was 215 bp, and that between the mimR go and mimA go genes was 217 bp. A Ϫ24, Ϫ12 promoter-like sequence in the direction of the mimABCD gene cluster was found in the intergenic region from these mycobacteria (4) (Fig. 2) . In contrast, a sequence that exhibits similarity with the Ϫ35, Ϫ10 promoter consensus sequence of mycobacteria (TTGACG-N9ϳ24-TATAAT) (22) or that of E. coli (TTGACA-N17ϳ19-TATAAT) (12) was not detected in this region (Fig. 2) . We also attempted to detect a Ϫ35, Ϫ10 promoter-like sequence using the BDGP Neutral Network Promoter Prediction program. However, no sequence common to these two mycobacteria was retrieved from the intergenic region, even when the minimum promoter score was set to only 0.4. Furthermore, several palindromic sequences were found (Fig. 2) , which might function as a UAS for the MimR protein, although these sequences do not exhibit apparent homologies with known 54 UASs.
Deletion and complementation analyses of the mimR gene.
To confirm that the mimR gene product functions as a regulator of the mimABCD gene cluster expression, deletion and complementation analyses of the mimR gene were performed. M. smegmatis strain MC2 155 was used for construction of the deletion mutant, because this strain can be easily transformed, whereas attempts to introduce heterologous genes into M. goodii strain 12523 cells were unsuccessful, as previously reported (10) . A plasmid carrying a transcriptional fusion of the intergenic region between the mimR sm and mimA sm genes with a promoterless gfp gene was constructed, and the resulting reporter plasmid, pRHKintSM-gfp, was introduced into M. smegmatis strain MC2 155. Strain MC2 155 carrying pRHKintSM-gfp exhibited high levels of GFP expression only in the presence of acetone (Fig. 3A) . This result indicates that the 215-bp nucleotide sequence between the mimR sm and mimA sm genes includes promoter elements for expression of the mimABCD gene cluster. Furthermore, when the mimR sm gene on the chromosome was deleted, the MC2 155 ⌬mimR deletion mutant carrying pRHKintSM-gfp lost GFP fluorescence (Fig. 3B) . To confirm that the loss of GFP fluorescence was due only to deletion of the mimR sm gene, we determined if complementa- tion of this gene in the deletion mutant would restore transcriptional activity. When the MC2 155 ⌬mimR deletion mutant carrying pRHKintSM-gfp was complemented with the mimR sm gene, this mutant carrying pRHKmimR sm intSM-gfp exhibited almost the same level of GFP expression as that of the wild-type strain MC2 155 carrying pRHKintSM-gfp in the presence of acetone (Fig. 3C) . Furthermore, using the wild-type strain MC2 155 and the MC2 155 ⌬mimR deletion mutant as hosts, we confirmed that the mimR go gene and the intergenic region between the mimR go and mimA go genes of M. goodii strain 12523 are functionally equivalent to those of M. smegmatis strain MC2 155 (Fig.  3 ). These results demonstrate that MimR is the positive regulator of the mimABCD gene cluster expression that is responsive to acetone.
Effector specificity of the MimR protein.
The effector specificity of MimR sm toward a variety of compounds was examined. M. smegmatis strain MC2 155 carrying pRHKintSM-gfp was used to assess transcriptional activity of MimR sm encoded by the gene on the chromosome. The most efficient transcriptional activation by MimR sm occurred in the presence of acetone (Fig. 4) . Furthermore, MimR sm activated transcription in the presence of 2-propanol, propane, acetol, 2-butanone, and (24) and SigL in B. subtilis (GenBank accession no. NP_417669) (8) . Although several proteins that exhibit partial amino acid similarities with NtrA and SigL in limited regions of these proteins were retrieved from the genome sequence, these mycobacterial proteins contained no RpoN box sequence, which is conserved in 54 factors (11, 33) . These results indicate the absence of a gene encoding the 54 factor in the genome sequence of M. smegmatis strain MC2 155 and are consistent with previous reports concerning this strain and other mycobacterial strains (31, 32, 35) . Using a similar technique, we confirmed the absence of a gene encoding the 54 factor in the genome sequences of the actinomycetes: R. jostii strain RHA1, G. bronchialis strain DSM 43247, and S. avermitilis strain MA-4680.
DISCUSSION
In this report, we describe identification of the mimR gene whose product is essential for expression of the binuclear iron monooxygenase gene cluster, mimABCD, in M. smegmatis strain MC2 155 and M. goodii strain 12523. We demonstrated by deletion and complementation analyses that MimR is the positive regulator of this gene cluster expression that is responsive to acetone (Fig. 3) . Sequence analysis revealed that MimR belongs to the NtrC family of transcriptional activators, although the MimR regulatory system seems to differ in some respects from the general NtrC system as described below. To our knowledge, MimR is the first member of the NtrC family in actinomycetes whose function has been experimentally determined.
We have previously demonstrated that the mimABCD gene cluster plays essential roles in propane and acetone metabolism (10) . When the mimA gene of M. smegmatis strain MC2 155 was deleted, the mutant lost the ability to grow on propane and acetone as a source of carbon and energy but not on acetol. MimA (Msmeg_1971) and Msmeg_1977 exhibit significant amino acid similarities (95% and 74%) with the monooxygenase (PrmA) converting propane to 2-propanol and the dehydrogenase (Adh1) converting 2-propanol to acetone, respectively, in Gordonia sp. TY-5 (16). Although we have not enzymologically identified the functions of MimA and Msmeg_1977, these findings suggested that propane might be metabolized via 2-propanol, acetone, and acetol in M. smegmatis strain MC2 155 (10) . The mimABCD gene cluster is also responsible for the regioselective oxidation of phenol to hydroquinone (10) . In this study, MimR was activated in the presence of acetone but not of phenol and hydroquinone ( Fig.  3 and 4) . These results provide strong support for the idea that MimR-controlled MimABCD plays physiological roles in the metabolism of propane and acetone and fortuitously has the ability to oxidize aromatic phenol (10) . MimR was also activated in the presence of 2-propanol, propane, acetol, 2-butanone, and 2-butanol (Fig. 4) , although in the in vivo experiments described here we cannot formally rule out the possibility that these compounds are converted to other compounds, which might activate MimR. In particular, hydrophobic propane might be converted to 2-propanol and/or acetone, leading to the induction. The amino-terminal domain of MimR contains a GAF domain. A GAF domain is also found in AcxR, AcoR, FhlA, and NifA of the NtrC family (2, 30) . FhlA and NifA are activated by formate and 2-oxoglutarate, respectively (15, 19) . The sequences of the GAF domains might have evolved so that they can sense specific small-molecule environmental signals to activate the regulons.
Unexpectedly, the central domain of MimR contains no GAFTGA motif sequence, which is known to participate in interaction with the 54 factor (Fig. 1 ). In accordance with this finding, M. smegmatis strain MC2 155 lacks a gene encoding the 54 factor in the genome. This characteristic of MimR is reminiscent of those of TyrR and RcNtrC of the NtrC family (5, 9, 23) . The TyrR and RcNtrC proteins control expression of the genes involved in metabolism of aromatic amino acids in E. coli and nitrogen metabolism in Rhodobacter capsulatus, respectively. These proteins contain no GAFTGA motif sequence and activate the 70 -dependent regulatory system instead of the 54 -dependent one. The nucleotide sequence between the mimR and mimA genes includes promoter elements for expression of the mimABCD gene cluster (Fig. 3) . However, a Ϫ35, Ϫ10 promoter sequence that is recognized by the 70 -dependent RNA polymerase was not detected in this intergenic region, whereas a Ϫ24, Ϫ12 promoter-like sequence in the direction of the mimABCD gene cluster does exist in this region (Fig. 2) . The most highly conserved GG and GC elements of a Ϫ24, Ϫ12 promoter are replaced by GA and GG, respectively, in the sequence of M. smegmatis strain MC2 155 and M. goodii strain 12523, whereas the overall consensus sequence (TGGCACG-N4-TTGC) determined by Barrios and coworkers (4) exhibits appreciable similarity with the sequence (TGAGACG-CATG-TGGG) of these mycobacterial strains. Although we have not yet succeeded in identifying the genuine promoter, these observations suggest the presence of a novel regulatory system in mycobacteria.
Finally, many homologs of the mimR gene were found in the sequenced genomes of actinomycetes, including Rhodococcus, Gordonia, and Streptomyces strains in addition to Mycobacterium strains, which all lack a gene encoding the 54 factor in the genome. These findings indicate that MimR-like regulatory systems are widespread in actinomycetes. The unambiguous identification of MimR as the transcriptional activator presented here will provide impetus for further detailed characterization of the MimR-like regulatory systems in actinomycetes.
